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We have studied local conﬁgurations and vibrations of oxygen vacancies in different charged states in a-
quartz GeO2 by computer simulation. First-principles potential of the Buckingham type has been used in
calculations. The investigation of the lattice dynamics in defective crystal is performed using the phonon
local density of states. The calculation of the densities of states is facilitated with Lanczos recursion. Fre-
quencies of localized vibrations induced by oxygen vacancies are determined.
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The progress in development of micro- and optoelectronics de-
mands the investigation of promising materials. Due to unique
combination of physical properties, germanium dioxide is com-
pound with a variety of technological applications. However this
material has not been the subject of extensive studies unlike sili-
con dioxide. At ambient pressure there are three solid GeO2 mod-
iﬁcations: a rutile tetragonal structure, an a-quartz trigonal
structure and an amorphous glass [1]. The crystal structure and
properties of GeO2 with the a-quartz-type ideal structure have
been studied both experimentally [2–8] and theoretically [9–13].
The calculations of the geometric structure and the physical prop-
erties are also known for perfect and defective rutile-type GeO2
phase [14,15]. Many of the peculiar characteristics of GeO2 are
determined by the presence of point defects and are connected
with dynamic processes occurring with participation of defects.
The correct description of these processes requires information
about localized vibrations induced by defects. In many cases this
information can be obtained only from numerical simulations. An
important class of intrinsic defects in germanium dioxide is related
to oxygen vacancies that may exist in different charged states. One
can distinguish several types of such defects. In particular, neutral
vacancies V0 are the variant of so-called oxygen-deﬁciency centers
(ODCs) forming the main luminescent properties of GeO2 modiﬁca-
tions [16,17]. Positively single-charged vacancies V+1 correspond to
well-known paramagnetic E0-type centers that are the moststudied defects [18]. In addition it is assumed that there are doubly
positively charged vacancies V+2, although these centers are not
found experimentally.
We reported earlier [19] the results of model calculations of the
local lattice dynamics of a-quartz SiO2 containing O-vacancies in
different charged states. At the same time the lattice dynamics of
a-quartz-like GeO2 with oxygen vacancies has not been analyzed
so far. The effect of O-vacancies on the vibration spectrum is still
not well understood.
In the present work we are considering vibrational properties of
quartz-like GeO2 with oxygen vacancies in three states: V+2, V+1
and V0. The inﬂuence of these vacancies on the structure and the
phonon spectrum of a-GeO2 is studied using the numerical
modeling.2. Computer simulation
It is known that the a-quartz lattice of GeO2 is described by the
space group P3121 or P3221. A primitive cell includes three formula
units and a hexagonal elementary cell consists of three corner-
linked GeO4 tetrahedra that are connected through a common oxy-
gen atom. Each Ge atom sits at the center of GeO4 tetrahedron and
is surrounded by four oxygen atoms. The GeO4 tetrahedron is dis-
torted: there are two slightly differing Ge–O distances. Each Ge
atom has four nearest-neighbor Ge atoms which are at equal dis-
tances. The unit cell can be completely deﬁned by the lattice con-
stants a, c and four internal parameters u, x, y, z as in [20].
Germanium dioxides have ionic–covalent chemical bonds. The
computer simulation both of atomic conﬁgurations and lattice
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considerable difﬁculties. It is necessary to consider defect-induced
relaxation of the surrounding lattice in a large region. Therefore,
investigations on static and dynamic behaviors of atoms require
the use of a big atomic cluster. The cluster technique allows accu-
rate description of long-range electrostatic interactions. We have
already applied it earlier successfully [21,22].
In this approach, the crystal with a defect is divided into several
spherical regions: an inner region 1 and an outer region 2 + 3, as
shown in Fig. 1. The region 1 is surrounded by the ﬁnite region
2. These regions are treated atomistically. The region 3 is repre-
sented in the approximation of continuum. Atom displacements
in region 1 can be determined by direct minimization of the static
lattice energy in the context of the method [23]. Atoms in the re-
gion 2 are kept ﬁxed in their ideal positions. Such procedure pro-
vides correct calculations of slowly decreasing Coulomb
interactions inside the region 1.
The force Fi that acts on the ith atom is obtained using the dif-
ferentiation of the potential energy Uðr1; r2; . . . ; rNÞ with respect to
the relevant coordinates of the atom:
Fi ¼  @Uðr1; r2; . . . ; rNÞ
@ri
: ð1Þ
In our case, the potential energy of the atomic cluster is repre-
sented as the sum of pairwise interactions:
Uðr1; r2; . . . ; rNÞ ¼
XN
k>i
XN1
i¼1
Uik ¼ 12
XN
k–i
XN
i¼1
Uik: ð2Þ
The interatomic potential Uik is a function of the positions of i
and k atoms. It has a speciﬁc functional form. We use the ion–
ion interaction model [24]
Uik ¼ UðrikÞ ¼ Aik expðrik=qikÞ 
Cik
r6ik
þ ZiZk
rik
; ð3Þ
where the terms describe repulsion, van der Waals and Coulomb
interactions, respectively. Here rik = jrk  rij is the distance between
ions i and k; Zi is the partial charge of the ion i; Aik, qik and Cik are the
parameters. The numerical values of parameters appeared in Eq. (3)Fig. 1. The structural model of the crystal.can be ﬁtted with respect to experimental data [9,10,25] or to the
energies obtained from a quantum mechanical calculation [26]. In
our calculations, the parameters are used which have been pre-
sented in [26]. The choice of these parameters is motivated by the
following facts. On one hand, the calculations have reproduced well
both the structural and various properties of the perfect crystal
including vibrational spectra. On the other hand, parameters of
the potential Uik derived from ab initio calculations.
The effect of oxygen vacancies on the vibration spectrum of a-
GeO2 was analyzed by calculating the local densities of states
(LDOSs) of phonons in ideal and defective crystals using the Lanc-
zos recursion [27,28]. The Lanczos algorithm is a technique to
transform a dynamic matrix of the atomic cluster into an equiva-
lent tridiagonal form.3. Results
Using the ab initio pair interatomic potentials for a-GeO2 men-
tioned above, we modeled the equilibrium structure of a perfect
crystal. The obtained values of the lattice constants a, c and unit
cell volume X are a = 5.114 (4.986) Å, c = 5.736 (5.647) Å and
X = 129.96 (121.57) Å3, where the numbers in parentheses are
the experimental values [5] at 300 K. The experimental values
are found to be slightly small, but fairly close to those obtained
from our calculations.
The simulated Ge–O bond lengths are 1.743 Å for two oxygen
ions (denoted by O(1), see Fig. 2) and 1.751 Å for the other two
(denoted by O(2)). Each oxygen ion forms only two O–Ge bonds
of different lengths. The Ge ion, which is 1.743 Å away from oxygen
that can be removed to form a defect, will be designated Ge(1). The
Ge ion is labeled Ge(2) when the O–Ge bond is 1.751 Å long. These
results are in qualitative agreement with the experimental ﬁndings
of the work [5], although the bond lengths are slightly larger than
the corresponding experimental values: dGe–O(1) = 1.737 Å and
dGe–O(2) = 1.742 Å. It should be noted that the authors of work [29]
used the same interaction pair potential [26] inmolecular dynamics
simulations for quartz-like GeO2. They have obtained the Ge–O
bond lengths that are almost identical to our results. Thus, calcula-
tions [29] and experimental data [5] can be considered as additional
arguments in favor of the correctness of the approach used in
present paper.
We also calculated the phonon dispersion curves in highly sym-
metric directions ([100], [010] and [001]) of the Brillouin zone
and the one-phonon density of states (DOS) for perfect a-quartz
GeO2. The phonon DOS was determined by solving the Fourier
transform of the dynamic matrix (dimensionality 27  27) for
8500 randomly selected wave vectors of the Brillouin zone. The
discrete frequencies were sorted into a histogram of 100 bars.
The calculation results are shown in Fig. 3. There are three fre-
quency bands for DOS: an upper limit of the low-frequency band
at 10.2 THz, a medium-frequency band between 12.9 and
16.0 THz and a high-frequency band between 26.1 and 28.5 THz.
The bands agree very well with the previous computations [26]
and with experiments [6]. Experimentally three bands are found:
the low-frequency continuum extends to 10.0 THz, the mid-fre-
quency continuum ranges from 12.9 to 17.6 THz, the continuum
at high frequency from 25.5 to 28.8 THz.
Then the phonon DOS was calculated using the Lanczos recur-
sion (Fig. 3), in order to test the validity of this method. An analysis
of Fig. 3 shows that the G(m) curves, which were obtained by differ-
ent methods, are similar. We have found that a cluster with inner
region 1 radius of 19.12 Å containing 2000 ions and with region 2
radius of 25.19 Å containing 4628 ions in which the Lanczos tech-
nique is used to 10–12 levels of recursion is sufﬁcient to reproduce
phonon LDOS. The upper boundary of the low-frequency band is
Fig. 3. Phonon DOS of a-quartz GeO2: calculations using randomly chosen point of
the Brillouin zone (curve 1), by a recursive method (curve 2).
Table 1
Distances (Å) between some ions and oxygen vacancies.
V (ion)–ion Vacancy charge
+2 +1 0
V–Ge(1) 3.302 1.781 1.662
V–Ge(2) 3.310 1.494 1.378
V–O(1) 3.040 2.761 2.715
V–O(2) 2.866 2.732 2.724
Ge(1)–Ge(2) 6.106 2.856 2.606
Fig. 4. Phonon LDOS at the site of Ge(2) in perfect a-GeO2 (curve 1) and in a-GeO2
with vacancies (curve 2): V+2 (a), V+1 (b) and V0 (c). Arrows mark the localized
vibrations that involve Ge(2).
Fig. 2. The structural fragments of a-quartz GeO2 without defects and with oxygen
vacancies: V+2 (a), V+1 (b), V0 (c). The ion marked with a square is removed to form
an O vacancy. Gray (light) circles indicate the ions before the lattice relaxation, red
(dark) circles – after the relaxation. (For interpretation of the references to color in
this ﬁgure legend, the reader is referred to the web version of this article.)
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15.9 THz, the high-frequency band is between 26.1 and 28.5 THz.
Oxygen vacancies V0, V+1 and V+2 were described in terms of an
ionic approach. The ionic positions around the vacancies have been
fully relaxed. These relaxed conﬁgurations are shown in Fig. 2. Dis-
tortions of the crystal lattice were determined by the potential en-
ergy minimization of vacancy-containing a-GeO2. The values of
Ge(1)–Ge(2) distances and also distances between vacancy posi-
tions and some ions (O, Ge) in the relaxed conﬁgurations are re-
ported in Table 1.
We have calculated the phonon LDOS for all the ions located
within a sphere of 3.0 Å radius around oxygen vacancies (V0, V+1
and V+2) or the oxygen ion that removed to form the vacancy.
Speciﬁc features of the LDOS in a defective crystal, which differ
from those of the LDOS in a perfect crystal, corresponded both to
resonant vibrations and gap vibrations induced by vacancies. For
example, phonon LDOS projected on the Ge(2)-ion displacements
in perfect a-GeO2 and in a-GeO2 with vacancies are presented in
Table 2
Frequencies (THz) of resonant (R) and gap (G) vibrations induced by vacancies on
nearest ions.
V Ion R G
V+2 Ge(1) 3.9, 7.2 10.2, 10.8, 20.1, 25.3
Ge(2) 3.0, 6.3 10.2, 16.5, 25.3
O(1) 7.2 10.2, 18.6, 23.1, 25.3
O(2) 4.4, 7.2 10.2, 20.1, 21.0, 23.1, 25.3
V+1 Ge(1) 3.0, 5.1, 8.1, 27.3 12.9, 15.9
Ge(2) 6.0 9.6, 15.9
O(1) 5.1, 8.1 15.9
O(2) 8.1, 27.3 12.9, 15.9
V0 Ge(1) 3.0, 4.8, 8.4 12.9, 15.9, 26.1
Ge(2) 7.5 9.9, 15.9, 26.1
O(1) 4.8, 7.5 9.9, 12.9, 15.9, 26.1
O(2) 8.4, 27.0 9.9, 15.9, 26.1
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duced by vacancies in different charged states are listed in Table 2.4. Discussion
We have focused our attention on the structural and vibrational
properties of a-quartz GeO2 with O-vacancies in different charged
states. The calculations allowed to perform a comprehensive anal-
ysis of the lattice relaxation around oxygen vacancies in different
charged states and to show that these defects induce very strong
and anisotropic lattice distortions which extend further than about
10 Å from the vacant site. Our results clearly demonstrate that the
character of the lattice relaxation strongly depends on the charge
state of the oxygen vacancy.
The positively charged vacancy V+2 is created by removing an
oxygen ion from a-GeO2. At the same time, the ions surrounding
the vacancy V+2 are displaced to new equilibrium positions. We
have found possible conﬁguration of V+2-centre, which is charac-
terized by different positions of Ge with respect to the vacancy,
see Fig. 2a.
The Ge(1) ion adjacent to the oxygen vacancy moves through
the plane of the nearest three neighboring oxygen ions and forms
the back bond with oxygen. The Ge(2) ion is also shifted from
the vacancy and forms the back bond with O. The Ge–Ge distance
in the vacancy site is 6.106 Å and it is much larger than the equi-
librium distance of 3.223 Å between two Ge in a perfect lattice.
The weak Ge(1)–Ge(2) bond brakes. The character of the lattice dis-
tortions near V+2 vacancy correlates with the fact that this defect
has an excessive positive charge with respect to the lattice.
An electron can be localized in the V+2 vacancy site. This process
is one of the ways of creating a positively charged oxygen vacancy
V+1. We assume that the excessive electron density is localized
mainly on the O vacancy. According to our calculations, the Ge(2)
ion is shifted to the Ge(1) ion. The Ge(1) ion is moved and ﬁxed
in an almost planar conﬁguration with three O ions. This relaxed
conﬁguration is shown in Fig. 2b. The distance between two Ge
ions decreases to 2.856 Å.
When an electron is trapped on a vacancy V+1, the neutral va-
cancy V0 is formed. The calculations predict a displacement of
two Ge ions to each other, see Fig. 2c. The Ge(1)–Ge(2) bond
strengthens and the bond length between these Ge becomes
2.606 Å. The calculated length of Ge–Ge bond across an oxygen va-
cancy V0 is much shorter than Ge–Ge distance between two near-
est Ge in a perfect lattice.
The calculations of the phonon LDOS for the perfecta-GeO2 dem-
onstrated that vibrations of germanium ions form mainly low- and
medium-frequency bands, and vibrations of oxygen ions participate
in formation of all three bands of phonon spectrum. The formation
of oxygen vacancies in a perfect lattice is accompanied by changesin the phonon DOS. As to the effect of vacancies on the vibrational
motion of the ions, it is advisable to analyze it on the example of
the Ge(2) ion, the equilibrium position of which is much strongly
dependent on the vacancy charge (see Fig. 2). In Fig. 4a it is seen that
in the presence of vacancy V+2 the low- and middle bands of the
phonon LDOS are shifted to the high-frequency part of the spec-
trum, and high-frequency band is shifted to the low-frequency part.
As a result two resonant vibrations with the frequencies of 3.0 and
6.3 THz and also three gap vibrations with the frequencies of 10.2,
16.5 and 25.3 THz appear (see Table 2). It should be noted that not
only Ge(2) ion but also Ge(1), O(1) and O(2) ions contribute to the
formation of gap vibrations 10.2 and 25.3 THz.
Single-charged oxygen vacancy V+1 changes the shape of the
phonon LDOS to a lesser extent than double-charged vacancy V+2,
see Fig. 4b. In this case the redistribution of the density of states
is observed only in low- and middle-frequency bands. V+1 induces
on the Ge(2) ion only one resonant vibration 6.0 THz and two gap
vibrations 9.6 and 15.9 THz. One of the gap vibrations has the fre-
quency which is close to the upper-frequency boundary of the
middle-frequency band while the frequency of other vibration is
near the low-frequency border of the ﬁrst forbidden band. In Table
2 one can see that gap vibration with the frequency of 9.6 THz is
due to movement of only Ge(2), and the gap vibration 15.9 THz
is associated with the movement of Ge(1), O(1) and O(2) ions.
The introduction of a neutral oxygen vacancy V0 to the lattice
also leads to a redistribution of the phonon density of states, see
Fig. 4c. The neutral vacancy induces on Ge(2) ion the resonant
vibration with the frequency of 7.5 THz and three gap vibrations
with the frequencies of 9.9, 15.9 and 26.1 THz. High-frequency
gap vibration 26.1 THz is due to the contribution of the movement
both Ge(2) and Ge(1), O(1), O(2) ions.
Thus, the number of the localized vibrations induced by O-
vacancies and the values of their frequencies depend on the
charged state of defect. At the same time it is necessary to empha-
size that the gap vibrations involving the movement of Ge and O
ions exist for all types of the oxygen vacancies.5. Conclusion
In this work we have performed atomistic modeling of quartz-
like GeO2 matrix with O-vacancies in different charged states.
The effect of oxygen vacancies on the vibration spectrum was also
studied using ﬁrst-principle potentials of the Buckingham type.
The results of the numerical calculations have allowed to evaluate
the inﬂuence of oxygen vacancies on the structure and the phonon
spectrum of a-GeO2. The values of frequencies of localized vibra-
tions induced by differently charged vacancies were determined.
The data presented above show that the structural and vibra-
tional properties of a-GeO2 depend substantially on the charge
state of the defect. Although our results have predictive character,
they can be useful also for interpretation of experimental data, in
particular, for the analysis of spectroscopic properties of GeO2-
based materials and regularities of thermal behavior of oxygen-
deﬁcient defects such as ODCs and E0-centers.
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